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 Electrochemical capacitors, or “supercapacitors”, are an electrochemical 
energy storage technology with high-power density and long cycle life compared 
to batteries. Supercapacitors have many promising applications in electric 
vehicles, renewable energy storage, consumer electronics, environmental 
sensors, biomedical implants, and grid energy storage. Conductive polymers are 
a material of interest for supercapacitor energy storage because of their ability to 
store energy by both electric double layer capacitance and “pseudocapacitance” 
(surface reduction-oxidation reactions). Polypyrrole is a widely used conductive 
polymer for supercapacitor electrodes, as well as in lithium-ion batteries. For 
applications in environmental sensors, transient electronics, and implantable 
devices, it is necessary to find supercapacitor electrode materials that are easily 
biodegradable. A variation of polypyrrole exhibiting methyl carboxylate side chains, 
which we call “MPC polymer,” is presented in this thesis as a dissolvable 
supercapacitor electrode. It is, to the best of our knowledge, introduced for the first 
time as a dissolvable electrochemical energy storage material. The supercapacitor 
characteristics of MPC polymer are characterized for planar electrodes as well as 
a nanocellulose-based composite. The MPC polymer is found to have capacitance, 
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Modern society depends on electrical energy for transportation, 
communications, built environment systems, and consumer electronics [1], [2]. For 
mobile and off-grid applications, electrical energy storage is needed that can 
support the required energy and power demands, as well as provide recharge 
capabilities. Electrochemical energy storage technologies, including 
supercapacitors, batteries, and fuel cells, can provide high efficiency electrical 
energy storage for a range of energy and power requirements [3]. There is 
currently great research interest in improving the power, energy, and recharge 
characteristics of electrochemical energy storage technologies, as well as 
developing new energy storage materials that enable expanded applications of 
supercapacitors, batteries, and fuel cells [4]–[7]. 
 The focus of this research is the study of biodegradable and 
environmentally-friendly materials for supercapacitor energy storage. The 
Introduction describes the charge storage mechanisms of supercapacitors, as well 
as their current and future applications. Current materials research challenges 
specifically related to supercapacitors in environmental sensing, biomedical, and 
transient electronics applications are described. Finally, here it is outlined the 
scope of the research and the significance of this work in advancing the study of 




Supercapacitor Energy Storage 
Supercapacitors are a form of electrochemical energy storage with high 
power density and low energy density compared to batteries (Figure 1.1). A 
supercapacitor cell consists of: metal contacts that conduct charge into and out of 
the supercapacitor, a separator, the electrolyte, and two electrodes (Figure 1.2) 
[8]. Like batteries and capacitors, multiple supercapacitor cells can be stacked or 
rolled to form a supercapacitor device with desired power and energy 
characteristics. Supercapacitors have many promising applications including: 
electric vehicles (especially in regenerative braking) as engine start modules for 
large vehicles, sustainable energy storage (i.e., solar energy storage), low power 
environmental wireless sensors, biomedical applications like wirelessly charged 
biomedical sensors and implantable wearable micro devices, as well as consumer 
electronics [9]–[14]. 
Supercapacitors store energy via surface charging in the form of electric 
double layer capacitance and/or pseudocapacitance, resulting in more rapid 
charging and discharging compared to batteries (which rely on bulk chemical 
reactions) [15]. Supercapacitors also have much longer cycle lifetimes (number of 
charge-discharge cycles) compared to batteries because of lower internal stress 
and fewer side reactions created by surface charging [16]. Commercial 
supercapacitors achieve over one million charge-discharge cycles, compared to 
several hundred cycles for lithium-ion batteries [17]. 
When applying a voltage difference to the supercapacitor’s electrodes, 




surface. Energy is stored in the double layer electrostatically due to charge 
separation. The electrochemical double layer thickness is of the order of a few 
Angstroms[18]. Supercapacitors achieve high capacitances by combining 
electrical double layer capacitance (“EDLC”) with nanoporous materials that 
provide high surface areas. EDLC is governed by the standard equation for 
capacitance [1.1] 




where ε is the permittivity of the material, A is the electrode surface area, and d is 
the charge separation. Figure 1.3 compares A and d parameters for conventional 
capacitors and EDLC. EDLC achieve much higher capacitance values because 
the  𝐴/𝑑 ratio is orders of magnitude above conventional capacitors. 
Pseudocapacitance is another energy storage mechanism that 
supercapacitors can present in combination with EDLC. Pseudocapacitance 
stores energy in the form of faradic chemical processes, involving electron transfer 
(reduction and oxidation) in the surface of the electrode [19]. Pseudocapacitance 
also benefits from high surface area. The charge storage attainable through 
pseudocapacitance is one to two orders of magnitude higher than EDLC, however 
pseudocapacitance generally has lower charge-discharge cycle stability [20]. 
 
Research Challenges 
Research efforts on supercapacitors have historically focused on improving 
the energy density and power density characteristics of supercapacitors [21]–[23]. 
In the past several years, there has been increasing research interest in 




friendly materials and processes [24]–[26]. The life-cycle environmental impacts of 
energy storage technologies, including manufacturing energy and end-of-life 
disposal and toxicity hazards, are a growing concern for batteries, fuel cells, and 
electrochemical capacitors [27]. In applications such as environmental sensors 
and transient electronics, there is a need for energy storage materials that can 
safely dissolve after use and are environmentally benign [28]–[30].  For biomedical 
applications such as implantable health monitoring devices, energy storage 
materials are needed that are biocompatible and, in some applications, can safely 
leave the body after use [31]–[33]. 
A significant research challenge is developing supercapacitor electrode 
materials that have good energy storage characteristics (comparable to state-of-
the-art materials), with the additional properties of being biocompatible, 
environmentally-friendly, and/or easily biodegradable [34]. In addition, 
supercapacitor materials should in general possess a high cycle life, which is 
difficult to achieve with materials that degrade or dissolve easily under mild 
conditions. Current state-of-the-art supercapacitor electrodes utilize robust 
materials, including metal oxides and carbon-based materials [35]. This benefits 
the mechanical properties of the material and its cycle life but does not leave room 
for biodegradability or solubility. A final consideration is that the electrode material, 
once degraded, must have environmentally benign degradation products. 
 
Dissertation Aim and Scope 
This thesis explores new materials for supercapacitors that are 




potential applications in transient electronics and environmental sensors), while 
achieving capacitance and cycle lifetimes comparable to state-of-the-art materials. 
The focus of this work is on the supercapacitor electrode material. Research efforts 
are also needed to develop biocompatible and environmentally-friendly materials 
for the supercapacitor cell packaging, electrolyte, and electrical components, 
however, these components are beyond the scope of this thesis [24]. As a 
preliminary test of biodegradability, this work tests the ability of the proposed 
electrode materials to dissolve in mild aqueous conditions. Future research is 
needed to test the chemical compatibility of the electrode materials and dissolution 
products for environmental and biomedical applications [36]. 
 
Significance of the Study 
This work presents for the first time a repeating polymer of methyl 1H-
pyrrole-3- carboxylate monomer (“MPC polymer”) as a supercapacitor energy 
storage material, and its ability to dissolve in a mild aqueous environment. This 
work is, to the best of our knowledge, the first demonstration of electrochemical 
energy storage using a dissolvable conducting polymer derivative, and thus 
represents an important contribution to the field of transient, biocompatible energy 
storage materials. Additionally, the dissolvable polymer is deposited on a soluble 
highly porous substrate based on cellulose. In addition to their use as 
supercapacitor electrode materials, conducting polymers have also found 
promising application in enhancing the performance of lithium-ion batteries and as 
structural materials in biomedical implants [37]–[40]. The results of this study 




polymer-based biomedical devices generally. Finally, we recognize that achieving 
fully biodegradable, environmentally-friendly energy storage devices for 
widespread applications in renewable energy storage and electric vehicles is a 
challenging task; this work contributes to this aim in a small capacity with hopes of 
inspiring future research on sustainable energy storage materials. 
 
Overview 
Methods describes the methods used to characterize energy storage and 
material properties of the supercapacitor electrodes developed in this work. The 
aim of Methods is to introduce the reader to the metrics and tests that will be 
referenced throughout this study. The third section describes the fabrication and 
testing of supercapacitor electrodes using MPC polymer on a planar current 
collector. The aim of the third section is to demonstrate the solubility of MPC 
polymer in mild aqueous conditions, and show that its electrochemical energy 
storage capacity is comparable to that of polypyrrole. The fourth section explores 
a design that puts together the dissolvable conductive polymer (MPC polymer) and 
a nanocellulose-based dissolvable substrate to enhance the surface area. Last, 
the last chapter summarizes the main accomplishments and contributions of this 








Figure1.1 Ragone plot. Comparing specific energy and specific power for 




















The previous chapter introduced the importance of developing 
biodegradable, environmentally-friendly supercapacitor electrode materials for 
applications in transient electronics, biomedical devices, and environmental 
sensors. Introduction also reviewed supercapacitor structure and energy storage 
mechanisms, as well as the thesis aim and scope. Methods introduces 
supercapacitor energy storage metrics and performance testing methods. These 
methods will form the basis for comparing and evaluating the performance of new 
electrode materials presented in the third and fourth sections. 
 
Electrochemical Testing Set-Up: Three-Electrode Cell 
Electrochemical measurements reported in sections third and fourth were 
conducted using a three-electrode electrochemical test cell. A three-electrode cell 
was also used to electropolymerize polypyrrole (PPY) and the MPC polymer in the 
third section. A three-electrode cell consists of a: working electrode (WE), 
reference electrode (RE) and counter electrode (CE) (Figure 2.1). The WE is 
where the reaction of interest occurs. In our studies, the WE is the 
electrodeposition substrate or supercapacitor electrode to be characterized. The 
RE is an electrochemical system with constant composition that provides a 





An Ag/Ag+ RE (standard for nonaqueous electrolyte systems) was used in 
this work. The CE passes current from the WE to complete the electrochemical 
circuit. Large surface area Pt wire was used as the CE to provide good conductivity 
and not limit the WE reaction. A Gamry Interface 1000E potentiostat was used for 
all electrochemistry testing in this work. 
 
Supercapacitor Performance Measurements 
Three electrochemical measurements were used to characterize the energy 
storage properties of supercapacitor electrodes in this work: cyclic voltammetry, 
chronoamperometry, and electrochemical impedance spectroscopy (EIS). The 
following section describe these three measurement techniques, and how they 
were used to determine key supercapacitor electrode performance parameters. 
 
Cyclic Voltammetry 
During CV measurements, the potential applied to the WE is cycled linearly 
between two set potentials at a specified rate and the resulting current is 
measured. Figure 2.2 illustrates theoretically “ideal” and typical “nonideal” 
supercapacitor CV curves. The theoretically ideal CV behavior results from the 








For ideal supercapacitor electrodes with constant capacitance, charging 
and discharging currents are constant. However, the lack of perfect conductivity, 





The capacitance of a supercapacitor electrode is proportional to the area of 
the CV curve, and can be calculated using the following equation: 
  𝐶 = ∫ 𝑖(𝐸)𝑑𝐸/2(𝐸2 − 𝐸1)𝑚𝑣
𝐸2
𝐸1
  (2.2) 
where i(E) is the instantaneous current, (E2-E1) is the CV potential window, m is 
the mass of the individual sample, and v is the potential scan rate. The integral of 
the instantaneous current over the potential window is the total voltammetric 
charge. 
Repeated CV measurements can be used to evaluate the cycle life of a 
supercapacitor electrode. Typical cycle life tests consist of several thousand 
repeated charge-discharge cycles, from which the percentage change in the 
capacitance of the electrode can be evaluated [43]. Changes in the shape of the 
CV curve during repeated cycling can also be used to assess electrode 
irreversibilities and degradation over time. 
 
Chronoamperometry 
Chronoamperometry measures current response versus time when a step 
voltage is applied to the working electrode. Chronoamperometry can be used to 
evaluate the relative contributions of faradic current (IFar) and double layer 
capacitive current (Icap) to the supercapacitor total charge storage. Double layer 
capacitive current decays exponentially with time after a step change in potential: 
 𝐼𝑐𝑎𝑝 ∝ 𝑒
−𝑘𝑡 (2.3) 
based on the general equation for the charge on a capacitor [42]. Faradic 
capacitive current is governed by diffusion of ions to the electrode-electrolyte 





 𝐼𝑓𝑎𝑟 ∝ 𝑡
−1/2 (2.4) 
In the third section, the above equations are fit to experimental 
chronoamperometry results to compare the charging mechanisms of PPY and 
MPC polymer. Like CV measurements, repeated chronoamperometry can also be 
used to assess the stability of the supercapacitor material. 
 
Electrochemical Impedance Spectroscopy 
Electrochemical impedance spectroscopy (EIS) is a powerful and complex 
tool for understanding the mechanisms of resistance, capacitance, diffusion, and 
reaction kinetics that govern supercapacitor charge storage. EIS applies an AC 
voltage at varying frequencies between the WE and RE to measure the complex 
impedance of the electrochemical cell. The applied AC voltage is small (≤ 10 mV) 
such that the system can be assumed to be at steady state. [42] 
An equivalent circuit model can be fit to EIS measurements to provide 
information on the series resistance of the cell, the supercapacitor electrode 
charge transfer resistance, the diffusion of electrolyte ions, and the cell double 
layer capacitance. Figure 2.3 presents a schematic of a Nyquist plot (imaginary vs. 
real impedance measured over a range of AC frequencies); (Figure 2.4a) and the 
corresponding equivalent circuit model (Figure 2.4b) of an ideal supercapacitor 
electrode. Rs represents the equivalent series resistance of the electrochemical 
cell (including wiring, the electrodes, and the electrolyte). Rct is the electrode 
charge transfer resistance. CPE represents the electric double layer capacitance 








where  accounts for nonideal behavior. The parameter W is known as the 
Warburg impedance, and represents diffusion polarization. W defines the slope of 
the Nyquist plot at low frequencies. “RE” and “WE” refer to the reference and 
working electrodes, respectively. In this work, Gamry’s Echem AnalystTM software 
was used to fit the equivalent circuit model in Figure 2.3b to measured impedance 
values. The circuit in Figure 2.3b is referred to as “CPE with diffusion” in Echem 
AnalystTM. Echem AnalystTM provides a measure of the “goodness of fit” of the 
equivalent circuit model parameters so that the accuracy of the fit can be evaluated 
(see third section).  
 
Summary 
This chapter visited the methods for material characterization and 
supercapacitor metrics: CV for capacitance measurement and life cycle testing, 
chronoamperometry to characterize the charging mechanism, and EIS for 
impedance characterization. Understanding these three methods, the reader will 












a) b)   
Figure 2.1 Three-electrode cell schematic. a) Simplified figure of the three-
electrode test set-up. b) Labeled 3-electrode cell used in our experiments. 
 
Figure 2.2 Ideal CV schematic. Current vs. potential curve for a supercapacitor 












Figure 2.3 Ideal EIS parameters representation. a) Representation of an ideal 
Nyquist plot for a supercapacitor electrode. b) Equivalent circuit model (“CPE 
with diffusion”) used to fit EIS measurements.  
  
PLANAR MPC POLYMER SUPERCAPACITOR ELECTRODES: 
SYNTHESIS AND ELECTROCHEMICAL TESTING 
 
As described in Introduction, there is a need to develop environmentally-
friendly, biodegradable materials for supercapacitor electrodes. This part 
introduces for the first time a repeating polymer of methyl 1 H-pyrrole-3-
carboxylate monomer (“MPC polymer”) as a dissolvable electrode material for 
electrochemical energy storage. MPC polymer—a derivative of state-of-the-art 
electrode material polypyrrole (PPY)—is electrochemically deposited on a planar 
substrate to measure its supercapacitor charge storage characteristics. MPC 
polymer is found to have capacitance, cycle life, and impedance characteristics 
comparable to PPY, while being dissolvable in mild aqueous conditions. 
This part begins with a review of previous work on biodegradable 
supercapacitor materials and applications of PPY. The fundamentals of conductive 
polymers (CPs) and their supercapacitor charge storage mechanism are then 
presented. The MPC polymer synthesis method is described, and supercapacitor 
electrochemical measurements compared with planar PPY electrodes to 
characterize MPC polymer as a conductive polymer for electrochemical energy 
storage. Finally, both MPC polymer and PPY are tested for their ability to dissolve 





Literature Review: Biodegradable Electrochemical Energy Storage 
 Materials and PPY-based Supercapacitors 
Research efforts on biodegradable, dissolvable, and/or environmentally-
friendly supercapacitors to date have largely focused on biodegradable polymer 
electrolytes; there has been significantly less previous work on biodegradable or 
dissolvable supercapacitor electrode materials [44]–[46]. Wang et al. proposed a 
“food-materials-based” edible supercapacitor using activated charcoal on gold leaf 
as the electrode material, a seaweed separator, and Gatorade electrolyte [47]. The 
resulting supercapacitor utilizes only double layer capacitance, resulting in a low 
capacitance value of 80 F/g. Chen et al. claimed a “biodegradable” and 
“biocompatible” activated wood carbon with MnO2 nanosheets, however, the 
biodegradable aspect of the electrode is not tested or evaluated [48]. Several 
researchers have reported edible and/or biodegradable batteries, including a 
melanin-based sodium-ion battery and biodegradable metal foil-based primary 
batteries [49], [50]. To the best of our knowledge, a fully dissolvable supercapacitor 
electrode with faradaic capacitance (pseudocapacitance) has not yet been 
demonstrated. 
PPY is a widely studied CP material for supercapacitor electrodes because 
of its ease of synthesis, good charge storage reversibility, high faradaic 
capacitance, and redox potentials within the electrochemical stability of common 
electrolytes [51]–[56]. In addition to its use as a supercapacitor electrode material, 
PPY is used in a wide range of fields, including environmental sensing and 




sensors [57]. Qaisar Ameer et al. utilized PPY to produce electronic noses for 
environmental analysis [58], where PPY’s change in conductivity in the presence 
of certain gases help detect substances in the air. In biomedical applications, PPY 
is used often for tissue engineering because it is electrically responsive and 
thermally stable [59], [60]. For the same reasons, it is used in biomonitoring 
devices, including DNA monitoring by Kavita Aora et al. [61], glucose biosensors 
by Minni Singh et al. as well as implantable devices [47], [65], [63]–[65]. 
PPY is often cited as an “environmentally-friendly” material, however, it is 
not itself biodegradable, dissolvable or erodible [54][66]. Instead, PPY is often 
combined with biodegradable materials (including cellulose or poly-L-lactic acid). 
In these studies, quantities of PPY must be minimized to reduce accumulation and 
resulting harmful effects [67]. 
An important first step in the advancement of environmentally friendly, 
biodegradable energy storage devices is developing materials that break down 
under mild conditions. Several researchers have investigated methods to make 
CPs that are easily dissolvable (or “erodible”). Potential modifications to PPY to 
make it biocompatible include using a CP-based oligomer structure, however these 
materials are difficult and expensive to synthesize [68], [69]. Zelikin et al. 
developed an erodible version of PPY using side-chain moieties to reduce polymer  
crosslinking.  The resulting polymer was found to be dissolvable in aqueous 
solution at 37 oC and pH 8.2 [70].  To the best of our knowledge, this approach has 
not been used or tested previously to develop biodegradable electrochemical 




Conductive Polymer Doping and Energy Storage 
CPs store electrochemical energy as supercapacitors by both double layer 
capacitance and pseudocapacitance (Figure 3.1), with pseudocapacitance being 
the main contribution to the total energy storage. The pseudocapacitance 
mechanism of CPs is based on reversible reduction and oxidation of the polymer. 
Dopant ions move in and out of the polymer matrix as the polymer is reduced or 
oxidized to compensate for the net charge. Equation 3.1 represents the reversible 
oxidation-reduction reaction that makes PPY a pseudocapacitive material. Figure 
3.2 provides a schematic illustration of dopant ion movement during oxidation-
reduction reactions in the main chain of the polymer. Faradic reactions are slower 
than capacitive processes due to the fact that ion transport is a slower process 
than electrostatic adsorption [71]:  
 PPY + (Oxidized) + e- ↔ PPY o (Reduced) (3.1) 
The polymerization and doping method selected strongly affects the 
supercapacitor performance of CPs [72]. The two main polymerization and in-situ 
doping techniques are: 1) electrochemical polymerization proceeding by an 
electrochemical potential applied to the deposition substrate (dopant ions diffuse 
from the electrolyte out of or into the conjugated polymer to compensate the 
charge during polymerization), and 2) chemical polymerization in which a 
chemical oxidizing agent is used to trigger polymerization [72]. This part focuses 
on the polymerization and characterization of the MPC Polymer as an electrode 
material for electrochemical energy storage. Electrochemical doping has been 




adjusting the deposition current and time, and ability to extract important 
information on the polymer deposition process as it is performed such as the 
amount of charge used in the polymerization [72]. Electropolymerization with 
electrochemical doping uses a three-electrode cell performing 
chronopotentiometry (constant applied current). During electropolymerization, the 
corresponding monomer is oxidized from solution and deposited at the working 
electrode. Negative ions from the electrolyte solution diffuse into the as-depositing 
polymer chain to compensate the net positive charge, resulting in in-situ doping 
during electropolymerization. Figure 3.3 shows the electropolymerization and 
electrochemical doping process for PPY. 
 
Dissolvable Supercapacitor Electrode Concept 
This work proposes for the first time a repeating polymer of methyl 1H-
pyrrole-3-carboxylate monomer (“MPC polymer”) as a supercapacitor energy 
storage material that can dissolve in mild aqueous conditions. Figure 3.4 compares 
the structure of MPC polymer and PPY. The MPC polymer has an identical main 
chain structure to PPY, with the addition of methyl carboxylate side groups in the 
third carbon position. Similar supercapacitor performance is expected for the MPC 
polymer and PPY given that the conjugated structure is the same for both 
polymers. Polymer chains cross-link through van der Waals forces that depend on 
the alignment of, and separation between, polymer chains. Given the compact 
structure of PPY compared to MPC polymer, the van der Waals forces that keep 
the different chains of PPY together are expected to be stronger than those of MPC 




side chains on MPC polymer will reduce crosslinking, enabling the dissolution of 
the polymer under mild conditions [70]. Furthermore, the polar structure of MPC 
polymer is expected to enable dissolution in aqueous environments. 
 
PPY and MPC Polymer Electrode Synthesis 
PPY and the MPC polymer were electrodeposited onto a conductive, 
planar substrate from a solution containing the dopant and the monomer, 
according to the standard procedure [73] The substrate selected is a Si wafer with 
10 nm Cr and 50 nm Au coating deposited by sputtering. Au was chosen as an 
ideal electrode surface material to simplify the electropolymerization process, 
since it is electrochemically inert within the potentials required for polymer 
electrodeposition and it is highly conductive. All chemicals were used as received 
from Sigma Aldrich. An Ag/Ag+ RE (a standard nonaqueous RE) and Pt wire CE 
were used in the electrodeposition of both polymers (Figure 3.5). 
For PPY electrodeposition, 0.1 M tetrabutylammonium 
hexafluorophosphate (TBAPF6) dopant with 0.1 M pyrrole, 10-5 M HCl, and 1 mM 
water in acetonitrile was used as the electrodeposition solution. The Au deposition 
substrate was immersed in the solution and a current of 0.007 mA/s was applied. 
A substrate of 1 cm2 achieves a full deposition after 1100 s. Full deposition is 
considered by visual inspection when the gold layer doesn’t show through the 
PPY and the PPY layer is thick enough to take reliable measurements, which was 
confirmed by trial-and-error. Pyrrole is a very sensitive monomer and reacts with 
air, so it must be kept and handled under an inert atmosphere until it is 




continuous Ar bubbling was used during the electrodeposition process. 
Because the MPC polymer is expected to polymerize the same way PPY 
does, assembling through the first and fourth carbon links, the same monomeric 
solution and current/time were used at first but no positive results were obtained. 
After some experimentation, it was found that no water is required and that the 
addition of HCl inhibits MPC polymerization. MPC polymer deposition was found 
to occur at pH of 6.4 (vs. 7.2 for PPY). The current necessary for the MPC 
polymerization to occur was found to be 0.01 mA/s for 1500 s, indicating that the 
MPC polymer does not electrochemically polymerize as easily as PPY. 
 
Supercapacitor Electrode Performance 
Planar samples of PPY and MPC polymer were tested as supercapacitor 
electrodes using the electrochemical techniques explained in Methods: cyclic 
voltammetry (CV), chronoamperometry, and electrochemical impedance 




CV measurements were used to determine the capacitance of planar PPY 
and MPC polymer electrodes. For each measurement, a 1 cm2 polymer-coated 
electrode was placed in a three-electrode cell set-up inside a beaker with 0.1 M 
TBAPF6 in acetonitrile. The RE was Ag/Ag+ and a coiled Pt electrode was used as 
the CE to provide a large enough surface area so the WE reaction was not limited. 




Figure 3.6 compares CV measurements for both polymers. PPY, in yellow, 
presents a more rectangular shaped CV curve while the MPC polymer, in gray, 
presents a pronounced belly around 0.4 V for cathodic current flow (polymer 
oxidation). These results suggest that PPY is a more capacitive material than MPC 
polymer and presents a behavior closer to an ideal supercapacitor. The potential 
range for the CV measurements is -0.2 to 0.5 V vs. Ag/Ag+. This is within the 
common voltage ranges for PPY [74]; additionally, when trying to go over 0.8 V 
while charging (anodic current flow), a pronounced peak is observed with the MPC 
polymer, likely indicating polymer degradation or other electrode instabilities. 
For the planar supercapacitor electrodes synthesized in this part, current 
was measured per cm2 of sample area; capacitance is therefore calculated for both 
materials in F/cm2. The capacitance, following the capacitance equation, is found 
to be 1.96 mF/cm2 for PPY and 0.87 mF/cm2 for the MPC polymer. This is 
consistent with reported capacitances for PPY, which are in the range of 1 to 8 
mF/cm2 [75] (note that comparing capacitance results from different literature 
sources is complicated due to variations in electrolyte, cell set-up, and other testing 
conditions). A limitation of measuring capacitance per planar surface area is that 
differences in electrode (polymer) thickness and micro-surface area could affect 
the capacitance comparisons. Despite this limitation, capacitance per planar 
electrode area is widely used in the literature [76]–[78]. Furthermore, the objective 
of this stage’s investigation is to obtain an order-of-magnitude comparison of MPC 
polymer and PPY to assess the viability of MPC polymer as a supercapacitor 




nanocellulose electrodes). Through the future optimization of MPC polymer 
deposition parameters and the monomeric solution composition, it is expected that 
the capacitance of MPC polymer could be improved from the initial results reported 
here. This test was taken on three different samples and the shape prevailed, at 
the same time, when performing the life cycle test, 2,000 cycles were performed 
and the shape didn’t change either. 
 
Chronoamperometry 
Figure 3.7 shows chronoamperometry measurements of PPY and MPC 
polymer for 10 charge-discharge cycles between 0 and 0.5 V. As explained in 
Methods, with this experiment we aim to characterize the charging and discharging 
mechanism through curve fitting approximations of the experimental 
chronoamperometry current profiles. Excel 2016 was used to find the 
proportionality and exponential constants that best fit the capacitive (double layer 
capacitance) and/or faradic (redox-based capacitance) currents in the charge and 
discharge mechanisms. Figure 3.7b-e show the capacitive and faradic fits obtained 
for PPY and MPC polymer electrodes (anodic and cathodic currents). Table 3.1 
presents the capacitive and faradic fit equations used to achieve the fit for both 
behaviors. The current convention used is that specified by the Gamry potentiostat 
software: positive current is defined as electrons entering the working electrode 
(anodic current, or polymer reduction: MPC+ + e–  MPC0); negative current is 
electrons leaving the working electrode (cathodic current, or polymer oxidation: 
MPC0  MPC+ + e–). Anodic current is referred to as the electrode “charging”, and 




Figure 3.7b and 3.7c provide curve fits for anodic (positive; electrode 
charging) and cathodic (negative; electrode discharging) current measurements, 
respectively, for PPY electrodes. For both cathodic and anodic currents, the first 
part of the curve corresponds with a capacitive fit while the end of the curve 
corresponds with a faradic fit. This result is consistent with the fact that the 
capacitive (electrostatic) charge/discharge mechanism occurs faster than faradic 
(chemical) reduction/oxidation reactions. Anodic and cathodic current profiles for 
PPY are highly symmetric, as shown by comparing capacitive and faradic fit 
equations in Table 3.1, and as confirmed previously by CV measurements (Figure 
3.6)). 
MPC polymer chronoamperometry measurements show notable 
asymmetry between anodic (Figure 3.7d) and cathodic (Figure 3.7e) currents. 
MPC polymer cathodic current is well fit by a faradic current model. This result 
confirms that polymer reduction-oxidation mechanisms are the main contribution 
to the MPC polymer supercapacitor charge storage mechanism. MPC polymer 
anodic current at first follows a faradic current model, but deviates after 
approximately 2 s of charging when the experimental current begins increasing. 
The observed deviation in anodic current from the faradic model is likely due to 
side reactions or irreversibilities. We note in Figure 3.7a that the MPC polymer 
electrode anodic current deviation increases with each successive cycle, 
suggesting irreversible changes in the electrode with repeated charge-discharge 
cycling. Further investigation is needed to identify potential causes of anodic 




Electrochemical Impedance Spectroscopy 
EIS measurements were conducted for both PPY and MPC polymer 
electrodes. An AC voltage of 10 mV was applied over a frequency range of 100 
Hz-100 kHz with no DC bias. Both polymers were subjected to the same test 
conditions. Figure 3.8 compares Nyquist plots of real vs. imaginary impedance for 
PPY and MPC polymer electrodes. The two CP electrodes exhibit similar Nyquist 
curves, with relatively low impedance values compared to literature results for PPY 
electrodes (likely because of the Au substrate) [74]. 
A “Constant Phase Element (“CPE”) with Diffusion” equivalent circuit model 
was fit to the EIS results using Gamry’s Echem Analyst software. Table 3.2 
summarizes the resulting equivalent circuit values (model fit curves are also shown 
in Figure 3.8).  It should be noted that these results are meant to be compared 
qualitatively with the purpose of assessing the electrochemical energy storage 
characteristics of MPC polymer vs. PPY (e.g., an order-of-magnitude increase in 
CPE value indicates greater double layer capacitance, but does not necessary 
correspond to exactly a 10x increase). The following comparisons between MPC 
polymer and PPY are noted: 
 Series resistance. As shown in Table 3.2, MPC polymer and PPY 
electrodes have similar values of series resistance (Rs) (1.3 Ω vs. 2.5 Ω, 
respectively), as calculated by the CPE with diffusion model. We note, however, 
that the model uncertainty values for Rs (provided by the Gamry circuit model 
output) are approximately four times bigger than the actual value for both 




at high frequencies, which prevented impedance measurements close to the pure 
series resistance range. 
 Constant Phase Element (CPE). CPE values given in Table 3.2 
represent the admittance (inverse impedance) of electrode double layer 
capacitance: 1/ZCPE = (j)Y0. The equivalent circuit model value of CPE is found 
to be larger for MPC polymer vs. PPY, suggesting a more significant contribution 
of double layer capacitance in MPC polymer electrodes compared to PPY 
electrodes. This result may be due to intrinsic differences between the two 
polymers (which would be advantageous for MPC polymer electrodes), or it may 
be due to differences in surface roughness between the two electrodes. 
 Warburg impedance (W). W provides a measurement of 
impedance associated with diffusion of ions. MPC polymer exhibits a Warburg 
impedance much smaller than PPY. This may indicate that the MPC Polymer is 
less resistive to ion diffusion than PPY. Further controlled tests are needed to 
investigate ion diffusion resistances for MPC polymer vs. PPY, as Warburg 
impedance may be affected by electrode microstructure, which was not examined 
for the planar MPC polymer and PPY electrodes tested here. 
 Charge-transfer resistance (Rct). Rct represents the resistance to 
oxidation and reduction of the electrode material. Rct is about four times bigger for 
PPY than MPC polymer. This result may be due to greater pseudocapacitance 
contribution for PPY vs. MPC polymer electrodes, or it may indicate that the redox 





According to Gamry´s reference website, “goodness of fit” results of 10-3 are 
considered a “good” fit (with lower goodness of fit values corresponding to better 
agreement between model and experimental results) [79]. A “good” fit is achieved 
for both PPY and MPC polymer equivalent circuit models.  The data from PPY 
represent a better fit than the one from MPC polymer, however, both equivalent 
circuit models achieve comparable “goodness of fit” values to those reported in the 
literature [74]. We believe that, due to the big error in the series resistance, the 
goodness of fit is highly affected. If we were to have a better Rs fit, the goodness 
of fit would be much better. 
As we can see, the results from the EIS and the chronoamperometry test 
show contradictory results. I acknowledge this difference and the reason is the 
qualitative nature of the CPE and W parameters comparison in this test. In order 
to make more concise claims from the EIS test, we would require a more controlled 
deposition for the samples and a study on the roughness of the material and the 
amount of active material among others. 
 
Cycle Life 
As described in Introduction, a key technical challenge in the pursuit of 
biodegradable/dissolvable supercapacitor electrode materials is finding materials 
that degrade easily yet are stable under repeated charge-discharge cycling. The 
cycle life of a supercapacitor is defined as the number of charge-and-discharge 
cycles until capacitance decays to less than 80% of the initial capacitance. To 
characterize supercapacitor material durability, cycle life tests in the literature are 




compares the percent change in capacitance of planar PPY and MPC polymer 
electrodes subject to 2000 CV cycles between -0.2 V and 0.5 V at 20 mV/s scan 
rate. As we can see in Figure 3.9, both polymers exhibit a similar capacitance 
decay over 2000 cycles. Minor fluctuations in capacitance are observed for both 
electrodes, which is a normal behavior when performing life cycle assessments 
[81]. Table 3.3 compares the capacitance values (as a % of nominal capacitance) 
for the two electrodes at 500 cycle intervals. Cycle 100 was chosen as the “nominal 
capacitance” to enable the electrodes to stabilize fully in the electrolyte [82]. After 
2000 cycles, the capacitance of the PPY electrode has decreased by 20%, 
compared to a 30% decrease for the MPC polymer electrode. These results are 
aligned with literature values for PPY electrodes, which typically show declines of 
10-35% after 1000 cycles [74], [75]. While it was expected that MPC polymer would 
have greater capacitance loss with repeated cycling than PPY, the results in Figure 
3.9 are highly encouraging for the feasibility of MPC polymer supercapacitor 
electrodes. Capacitance loss in CP electrodes is caused in part by repeated 
stresses due to volume change of the polymer during oxidation and reduction 
(volume changes as high as 35% have been reported [83]). Cycle life of CP 
supercapacitor electrodes can be extended by depositing the CP on a flexible 
nanomaterial substrate, such as carbon nanotubes. 
 
Dissolution Testing 
To test the solubility of MPC polymer in mild aqueous conditions, planar 




(Figure 3.10). Tris acetate-EDTA buffer solution was used to control the pH at 8.2. 
According to Zelikin et al., these “mild aqueous conditions” are sufficient to dissolve 
a PPY derivate similar to MPC polymer in a period of 24 hours [70]. 
Figure 3.11 compares photographs of the MPC polymer (3.11a) and PPY 
(3.11b) electrodes at hourly intervals during dissolution testing. After 4 hours, the 
MPC polymer coating has dissolved while the PPY coating is intact (no visible 
change). Figure 3.12 compares photographs of the MPC polymer electrode before 
and after dissolution testing (with the sample out of solution). A brown residue can 
be seen on the electrode surface of the MPC polymer sample after 4 hours. This 
thin residue layer is most likely due to the covalent Au-MPC polymer bond, which  
is expected to be stronger than van der Waals crosslinking of MPC polymer chains. 
This residue did not dissolve or change visibly after many more hours in the heated 
bath. 
 
Summary and Future Work 
At the beginning of this chapter, we introduced the need to find an electrode 
material that dissolves in mild aqueous conditions and has supercapacitor 
performance characteristics competitive with state-of-the-art electrode materials. 
Following the work of Zelikin et al. approach to erodible CPs, the MPC polymer was 
chosen as a derivative of the widely-used conductive polymer PPY. Both share the 
same main chain while the MPC polymer features methyl carboxylate side 
structures that promote dissolution under mild conditions. CV, chronoamperometry, 
EIS, and cycle life measurements were performed comparing PPY and MPC 




found to be comparable to that of state-of-the-art PPY, suggesting that the MPC 
polymer is a viable CP for electrochemical energy storage applications. The ease 
of dissolution of the MPC polymer electrode was also confirmed. 
As described in the Introduction, supercapacitor charge storage is 
enhanced through the use of high surface area, porous electrode materials. This 
chapter utilized a planar, Au-coated substrate for preliminary testing of the MPC 
polymer as a supercapacitor material. The next step in this work is to find a 
substrate that is porous, soluble, and nontoxic that can suit the proposed 
applications of the MPC polymer. In the following section, we propose a 
nanocellulose-based MPC polymer supercapacitor electrode that combines the 
desirable pseudocapacitive and erodible properties of MPC polymer with the high 









Figure 3.1 CP conduction mechanism. Illustrated for polyacetylene, a CP that 
presents the simplest conjugated backbone. Delocalized orbitals and the 
conduction of electrons through the pi-conjugation are shown. 
 
 















Figure 3.3 Electrodeposition mechanism for PPY.Pyrrole monomers in contact 
with the deposition substrate are electrochemically oxidized leading to polymer 
chain formation and doping with electrolyte ions [72]. 
 
 
Figure 3.4 Polymers structural comparison: MPC polymer (left) and PPY (right), 








Figure 3.5 Polymer electrodeposition. Set-up with Pt wire counter electrode (CE), 
Ag/Ag+ reference electrode (RE) and a Au-coated Si wafer as the deposition 
substrate (working electrode, WE). 
 
 































Figure 3.7 Chronoamperometry results and current model fits for PPY and MPC 
polymeric. Experimental current for 10 charge-discharge cycles. Capacitive and 
faradic current models for: b) PPY anodic current, c) PPY cathodic current, (d) 





Figure 3.8 EIS presented in a Nyquist plot for MPC polymer and PPY. 
Experimental results are given as solid lines, and CPE model  




Figure 3.9 Life assessment graph. Comparison of capacitance change in PPY 


























































Figure 3.11 MPC polymer and PPY dissolution images. a) MPC polymer in mild 
aqueous conditions for 4 hours. b) PPY in mid aqueous conditions for 4 hours 
 
a) b)  
Figure 3.12 MPC polymer electrodes. a) Before dissolution test. b) After 4 hours 









Table 3.1 Equations for the capacitive and faradic fit for PPY and MPC polymer 
charge-discharge current profiles. 




−1.3𝑡 + 0.75 𝐼𝑓𝑎𝑟 = 0.53𝑡




−1.3𝑡 − 0.5 𝐼𝑓𝑎𝑟 = −0.45𝑡




−4.5𝑡 + 0.59 𝐼𝑓𝑎𝑟 = 0.17𝑡




−3𝑡 𝐼𝑓𝑎𝑟 = −0.45𝑡
−0.5 + 0.18 
 





Rs 2.49 ± 11 1.33 ± 9 Ohms 
CPE 2 ± 1 27 ± 1 10-9 S*s-a 
W 11 ± 1 0.5 ± 1 10-3 S*s1/2 
Rct 129 ± 3 36 ± 6 Ohms 



























100 100 100 
500 97 99 
1000 90 90 
1500 80 83 
2000 70 80 
  
  
MPC POLYMER ON A NANOCELLULOSE SUBSTRATE 
 
The previous section introduced the MPC polymer as a supercapacitor 
electrode material that has comparable supercapacitor performance to state-of-
the-art PPY and dissolves in mild aqueous conditions. This is a significant 
contribution to the field of transient electronics and enables new applications for 
electrochemical energy storage where solubility or erodibility is required. In this 
section, we introduce the deposition of the MPC polymer on a nanocellulose high 
surface area soluble substrate and analyze the electrode’s supercapacitor 
performance and solubility. 
 
Nanocellulose as a Porous Substrate 
There are many different types of substrates that are porous and can 
provide high surface area. Especially now that supercapacitors are a growing 
technology, many different materials are engineered in order to achieve the best 
performance possible; graphene and carbon nanotubes are good examples. 
However, those substrates present different disadvantages from toxicity to 
environmental unfriendliness and medical incompatibility. Carbon nanotubes 
(“CNTs”), for example, are not intrinsically dissolvable nor biodegradable [84], [85]. 
Some researchers have published ways to make them soluble and biodegradable, 
and many publications address this and the toxicity associated with doing so [86]–




different research groups. Many researchers conclude that CNTs are dangerous 
for medical and implantable uses, including when modified to be dissolved or  
degraded [89]–[91]. In addition, CNTs are expensive and resource-consuming to 
massively synthesize [92]. 
Cellulose is a sustainable alternative that can be used as a high surface 
area, porous substrate. Cellulose is the main constituent of plant cell walls and 
vegetable fibers: it is a sustainable material coming from a sustainable source. 
Cellulose is at the same time low cost, nontoxic, biocompatible and easy to obtain 
[93]–[95]. There are many different forms of cellulose with different properties. 
Among those are paper and nanocellulose, both of which have been demonstrated 
in the electronics and electrochemical energy storage fields. Paper, in particular, 
can be combined with a functional material to produce not only supercapacitors 
but also diodes, transistors, electric circuits, etc. [96]. In 2016, Cagang et al. 
published a graphene-based field effect transistor using a two-dimensional (“2D”) 
paper network [97]. Zheng et al. released in 2013 a demonstration on desktop 
printed electronics [98]. Xioliang Zeng et al., published a flexible dielectric for 
energy storage based on CNT and cellulose [99].  Nanocellulose is used for a wide 
range of purposes like printed electronics, electronics, composites, medical 
supplies and implants, energy sensors, energy harvesting, and microfluidics  [95]–
[97] Cherian et al. reported using nanocellulose for medical implants in 2013 [103]. 
Lu et al. used nanocellulose to modify polymer composites in order to achieve 
different properties for medical materials [104]. Additionally, Tian et al. reported 




For supercapacitor applications, nanocellulose-based electrodes have 
been demonstrated that achieve performance metrics similar to those obtained 
with CNTs, with all the advantages from cellulose [106]–[108]. Nanocellulose 
particle sizes range from 3 to 100 nm. Their nanometric size makes them a very 
attractive material for supercapacitors, from producing porous aerogels, to 
assisting the gelation of graphene oxide aerogels, to direct use as porous 
substrates for supercapacitors [109]–[111]. Previous work has demonstrated 
nanocellulose combined with CPs (polyaniline and PPY) for supercapacitor 
electrodes [107], [108]. Surface modification of nanocellulose can be used to 
improve the chemical and mechanical stability of cellulose, as described by Zoppe 
et al. [112]. Wang et al. used surface-modified cellulose to enhance the 
capacitance of their supercapacitor design based on conductive polymers [106]. 
In this work, unmodified nanocellulose is used to simplify the synthesis procedure; 
future work could investigate potential benefits of surface modification for CP-
nanocellulose supercapacitor performance. 
In this chapter, nanocellulose is used as a substrate for the MPC polymer 
with the purpose of achieving a high-surface area, fully-dissolvable supercapacitor. 
In order to optimize the surface area, we are chemically depositing the MPC 
polymer onto the nanocellulose particles and then binding them together as 
described in the Experimental section. This is the first use of the MPC polymer on 







High purity microcrystalline cellulose (nanocellulose) was purchased from 
Chem Center @ Amazon.com. The rest of the chemicals involved in the chemical 
deposition of the MPC polymer were purchased from Sigma-Aldrich. All materials 
were used as received. 
MPC polymer-nanocellulose composites were prepared after the method 
described by Tammela et al. to chemically deposit PPY on algae-based cellulose 
[106]. Significant alterations were made to the procedure of Tammela et al., 
including using acetonitrile instead of water to allow MPC to mix with the rest of 
the chemicals, adding 3 times (“x”) the amount of nanocellulose than the paper 
explains, and sonicating the beaker all throughout the deposition to prevent 
nanocellulose agglomeration prior to MPC polymer coating. 
Nanocellulose (600 mg) is first added to 10 mL acetonitrile and sonicated 
for about 5 min while the next solution is prepared. In a separate solution, methyl 
1H-pyrrole-3-carboxylate (MPC) monomer (0.2 g) is mixed with 2-3 drops of Tween 
80 in 10 mL acetonitrile and stirred for 5 min at 250 rpm. Tween 80 is a surfactant 
that assists with the dissolution of MPC monomer in nanocellulose. This solution 
is then added to the nanocellulose and sonicated for as long as we need to prepare 
the next solution.  The oxidizing agent is prepared by adding 2 gm FeCl3 to 15 mL 
acetonitrile with gentle stirring. The oxidizing solution is then added to the prepared 
nanocellulose-MPC monomer solution. The final solution is sonicated for 1 to 2 h 
and left overnight to produce a thick black slurry. The slurry is placed on a filter 




the rinse step, the MPC polymer-nanocellulose slurry is mixed in an alcohol 
solution with 1 % wt. PTFE binder to help it attach to the Au-coated Si electrode 
for electrochemical testing. 
 
Supercapacitor Electrode Performance 
CV, chronoamperometry, and EIS measurements were conducted to 
characterize the supercapacitor performance of MPC polymer-nanocellulose 
composite electrodes. The results are compared with the previous chapter results 
for planar MPC polymer electrodes to assess the performance improvement with 
the nanocellulose composite. Experimental parameters and the three-electrode 
cell setup are the same as described previously. 
 
Cyclic Voltammetric 
Figure 4.1 compares CV measurements for pure nanocellulose and MPC 
polymer-nanocellulose composite electrodes. CV measurements were conducted 
with a potential range between -0.2 and 0.5 V vs. Ag/Ag+ at a scan rate of 100 
mV/s. This potential range was selected following the CV parameters used in the 
previous section. A specific capacitance of 47 F/g for the MPC polymer-
nanocellulose composite is obtained from the measurements in Figure 4.1 using 
Equation 2.2. CV measurements of the pure Au-coated Si substrate are also 
included in Figure 4.1 to isolate the capacitive contributions of the nanocellulose 
vs. the electrode substrate. As we can see, the capacitance of the wafer alone and 
the nanocellulose-coated wafer are negligible compared to the MPC-coated wafer. 




1.54 F/g, indicating a 306% increase in capacitance with addition of the MPC 
polymer. 
The specific capacitance measured here for MPC polymer-nanocellulose 
composite is low compared to values reported for PPY-nanocellulose (e.g., Wang 
et al. obtained capacitances of 140-180 F/g for PPY-nanocellulose electrodes 
[106]). This could be due in part to the lower faradaic capacitance of MPC polymer 
compared to PPY, as reported in the previous chapter. Further improvements to 
the specific capacitance of the MPC polymer-nanocellulose electrode could be 
achieved by increasing the weight ratio of MPC polymer to nanocellulose and/or 
testing different oxidation procedures to obtain the best method of MPC polymer-
nanocellulose electrode preparation. It is also observed that the shape of the MPC 
polymer-nanocellulose curve in Figure 4.1 differs significantly from that of the 
planar MPC polymer electrode reported in the previous section (Figure 3.6). This 
is expected given the significant difference in substrates (planar Au vs. 
nanocellulose), as CV profiles are determined in part by ion diffusion rates and 
electrical properties of the substrate [113]. Another possibility is that the anodic 
current peak is due to residual FeCl3  left over from the chemical deposition of MPC 




Chronoamperometry measurements for the MPC polymer-nanocellulose 




(5 s at each potential) (same test conditions as in the previous section). Figure 
4.2a shows charge-discharge current measurements for the MPC polymer-
nanocellulose electrode; Figure 4.2b and 4.2 present capacitive and faradic 
models of anodic and cathodic currents, respectively. Table 4.1 shows the 
equations used for capacitive and faradic fits of the experimental current data. 
As we can see in Figures 4.2b and 4.2c, the faradic fit represents accurately 
the behavior of the MPC polymer-nanocellulose electrode (with the capacitive 
current model providing a good fit for the first milliseconds of charging or 
discharging). Asymmetries in cathodic and anodic current profiles noted in the 
previous section for planar MPC polymer electrodes are not observed for the 
nanocellulose-based electrode. This suggests that the anodic current 
irreversibilities of planar MPC polymer electrodes are not intrinsic to the MPC 
polymer (a promising result for achieving a long cycle life electrode material). 
 
Electrochemical Impedance Spectroscopy 
Figure 4.3 compares EIS results for the MPC polymer-nanocellulose 
electrode presented in this chapter with planar MPC polymer electrode results from 
the previous section. For the MPC polymer-nanocellulose electrode, it was not 
possible to obtain a good equivalent circuit model fit of the results because of large 
measurement errors at high frequencies. The following observations can be made 
by comparing the Nyquist curves for MPC polymer-nanocellulose and planar MPC 
polymer electrodes: 
 Series resistance. Extrapolating the Nyquist curve for MPC 




to that obtained for MPC polymer on Au (1.3 Ω, Table 3.2), suggesting that the 
MPC polymer is well-coated on the nanocellulose. It also indicates that the 1% 
nonconductive PTFE binder added to the MPC polymer-nanocellulose electrode is 
not significantly impacting the overall electrode conductivity. 
 Charge-transfer resistance. EIS results in Figure 4.3 indicate that 
the cellulose-based electrode has higher Rct compared to planar MPC polymer. Rct 
is a complex reaction kinetics parameter that is known to depend on the materials 
present in the electrochemical system. The increase in Rct observed for MPC 
polymer-nanocellulose electrode could be due to residual Fe3Cl. Further 
investigation is needed to determine the role of nanocellulose in increasing Rct for 
MPC polymer electrodes.  
 
Dissolution Testing 
Following electrochemical testing, we assessed the dissolution ability of the 
MPC polymer-nanocellulose composite electrode in mild aqueous conditions. The 
electrode was placed in an aqueous solution of tris acetate buffer (pH 8.2) at 
ambient temperature. The solution was stirred slowly at 60 rpm to promote 
diffusion of the liquid in between the cellulose particles. The objective of this test 
set-up was to ensure that the nanocellulose particles would break-up easily in 
solution, enabling the MPC polymer coating to subsequently dissolved (as proved 
in the previous section). Stirring was used to disperse the nanocellulose particles 
once they have broken apart since, due to their weight, they stayed sitting on top 
of the wafer. Elevated temperature was not necessary to break apart the 




polymer-nanocellulose electrode; Figure 4.4b illustrates the electrode dissolution 
with slow stirring. After 30 min, the electrode has broken apart and a powder is left 
in the solution. 
 
Summary and Future Work 
At the beginning of this chapter, we posed the question “Can we design a 
dissolvable electrode with a porous substrate?” In this design, we utilize a 
nanocellulose porous substrate and the previously characterized MPC polymer as 
the active material. Nanocellulose was selected as nontoxic, cheap, lightweight, 
dissolvable, and highly-porous substrate for MPC polymer supercapacitor 
electrodes. CV, chronoamperometry, and EIS measurements indicate that MPC 
polymer-nanocellulose electrodes have good capacitance, faradic charge-storage 
characteristics, and low equivalent series resistance. In addition, cathodic current 
irreversibilities observed in the third chapter for planar MPC polymer electrodes 
were eliminated for MPC polymer-nanocellulose composite electrode. The 
nanocellulose substrate breaks apart easily in mild aqueous conditions, and is 
therefore a good choice of porous electrode substrate for the MPC polymer. The 
results presented in this section affirm MPC polymer-nanocellulose composite as 
a promising supercapacitor electrode material. Further research is needed to 
optimize the composite synthesis process to improve specific capacitance. Further 
investigation should also include material characterization like scanning electron 
microscopy  
 (SEM) imaging to determine the microstructure of the composite electrodes, 

















Figure 4.1 CV measurement for MPC polymer on nanocellulose substrate. 
Overlapped CV measurements for MPC polymer on nanocellulose on Au-coated 
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Figure 4.2 Chronoamperometry for MPC polymer on nanocellulose substrate. a) 
Charge-and-discharge measurement for 10 cycles on MPC polymer-coated 
nanocellulose. Capacitive and faradic current model fit for: b) charging 







Figure 4.3 Comparison of EIS results for MPC polymer-nanocellulose and planar 
PC polymer electrodes, presented as a Nyquist plot. Dotted and dashed 
semicircles show approximate values of series and charge-transfer resistances 





Figure 4.4 MPC polymer on nanocellulose dissolution test.a) Electrode before 
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Table 4.1 Parameters used to achieve the best fit for capacitive and faradic 
behavior of MPC polymer-nanocellulose electrodes. 
Capacitive Fit Equation Faradic Fit Equation 




Cathodic current 𝐼𝑐𝑎𝑝 = −1𝑒
−3𝑡 − 2.15 𝐼𝑓𝑎𝑟 = −0.7𝑡
−0.5 − 1.5
SUMMARY, CONCLUSIONS, AND FUTURE WORK 
At the beginning of this thesis, we posed the research question: can we find 
a conductive polymer that dissolves in mild aqueous conditions and achieves 
supercapacitor performance metrics comparable with nonbiodegradable, state-of-
the-art conductive polymers? To approach this challenge, we followed Zelikin’s 
[70] approach to erodible conductive polymers. The MPC polymer studied in this
work has a main chain structure identical to PPY, and features side methyl 
carboxylate side-chain groups to promote solubility. 
The previous section investigated the electrodeposition of MPC polymer 
onto a Au-coated Si wafer and characterized the material through CV, 
chronoamperometry, EIS, and cycle life measurements. We found that the MPC 
polymer has a capacitance similar to state-of-the-art PPY. Through 
chronoamperometry measurements we observed that MPC polymer utilizes a 
faradic (redox) charge storage mechanism, confirming its operation as a 
pseudocapacitive material similar to PPY. EIS measurements and equivalent 
circuit modeling indicate lower equivalent series resistance, charge transfer 
resistance, and Warburg impedance for MPC polymer electrodes compared to 
PPY. This result is promising for achieving high power density supercapacitor 
electrodes with MPC polymer, as supercapacitor power is inversely proportional to 
electrode resistance. Cycle life measurements indicate that both MPC polymer and 
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PPY electrodes follow a similar trend in capacitance loss over 2,000 charge-
discharge cycles (30% capacitance loss for MPC polymer, vs. 20% for PPY). At 
the end of the previous section, we proved the dissolution of the MPC polymer in 
mild aqueous conditions. Having demonstrated that the MPC polymer achieves 
comparable supercapacitor performance as state-of-the-art CPs and is 
dissolvable, we moved on to finding a high surface area, biocompatible substrate 
material for MPC polymer electrodes. 
Nanocellulose was selected as a low-cost, environmentally-friendly 
electrode material that is well-studied for biomedical applications and transient 
electronics. We deposited the MPC polymer chemically, instead of 
electrochemically, on the nanocellulose substrate to obtain a composite electrode 
(electrochemical deposition is limited to conductive substrates). The MPC 
polymer-nanocellulose composite has a capacitance of 47 F/g, a 1.54 F/g 
capacitance increase compared to pure nanocellulose (as determined by CV 
measurements). Additionally, irreversibilities observed in the discharge 
mechanism of planar MPC polymer were eliminated with the MPC polymer-
nanocellulose electrode, which follows a pure faradic current model. The EIS 
comparison between the planar substrate and the nanocellulose substrate 
indicated only a slight increase in equivalent series resistance for the 
nanocellulose electrode. Finally, we proved the dissolution of the MPC polymer-
nanocellulose electrode by observing the easy breaking apart of the nanocellulose 
composite upon gentle stirring. 
We can now state that we have found a conducting polymer that dissolves 
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in mild aqueous conditions and works as an energy storage active material. This 
is the first step in developing dissolvable supercapacitors for biomedical 
applications, transient electronics, as well as environmental applications. This 
work is to the best of our knowledge the first demonstration of the MPC polymer 
being used for electrochemical energy storage and the first demonstration of a 
conductive polymer used for electrochemical energy storage that dissolves in mild 
aqueous conditions. 
After this study and its positive results, there are many possible directions 
to propose for future work. First, it is necessary to perform a toxicity study on the 
MPC polymer to assess its viability as an energy storage material for 
environmental sensors. Second, we would like to perform a biocompatibility study 
to assess possible applications of the MPC polymer in implantable devices and 
medical applications. Previous work has proposed integrating PPY in small 
quantities in implantable devices; we are therefore optimistic that the MPC polymer 
may have promising biomedical applications as it would have less likelihood of 
accumulating in the body [70]. Further study is needed to test this hypothesis.  
Finally, further work is needed to optimize the supercapacitor performance 
of dissolvable CP electrodes through testing different synthesis procedures and 
materials. This work did not perform an optimization of the chemical deposition or 
postprocessing of the electrode material; better energy storage performance can 
be expected were these to be performed. The next steps in this research line could 
also include trying different polymers with the same methyl carboxylate side 
groups, or trying the same main chain with different side groups. Further research 
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is also needed to test other high surface area, bio-friendly substrates (such as poly-
L-lactic acid scaffolds) that can lead to enhanced performance of MPC polymer
supercapacitor electrodes. 
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